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Electrospray ionization mass spectrometry makes it possible to generate gas-phase bis-
ethylenediamine nickel and copper dications, [M(en)2]
2 (M  Ni, 1; M  Cu, 2), as well as
their {[M(en)2]@cuc[8]}
2 inclusion complexes with the macrocyclic cavitand cucurbit[8]uril
(cuc[8]). The unimolecular gas-phase reactivity of these species has been investigated by
electrospray ionization tandem mass spectrometry with a quadrupole-time-of-flight configu-
ration. Distinctive fragmentation pathways have been observed for the free and encapsulated
[M(en)2]
2 (M  Ni, Cu) dications under collision-induced dissociation (CID) conditions. The
dications [M(en)2]
2 (M  Ni, Cu) dissociate according to several competitive pathways that
involve intra-complex hydrogen or electron-transfer processes. Most of these channels are
suppressed after encapsulation inside the cucurbit[8]uril macrocycle and, as a consequence, a
simplification of the {[M(en)2]@cuc[8]}
2 fragmentation pattern is observed. The results
obtained demonstrate that the encapsulation of a coordination complex inside a host molecule
can be used to alter the nature of the product ions generated under CID conditions. (J Am Soc
Mass Spectrom 2007, 18, 1863–1872) © 2007 American Society for Mass SpectrometryThe research on the noncovalent interactions in thehost-guest chemistry has benefited greatly fromthe latest advances in soft-ionization mass spec-
trometric techniques. The development of the mass
spectrometry methods over the past years made it
possible to qualitatively and quantitatively evaluate
host binding selectivities, relative binding constants of
host-guest complexes, and to get a deeper insight into
the principles of molecular recognition phenomena.
These achievements are illustrated in numerous gas-
phase ion chemistry investigations on various host-
guest aggregates with such host molecules as cyclodex-
trins [1], crown-ethers [2], calixarenes [3, 4], and
resorcinarenes [5]. One more host system that has
proven to encapsulate a wide range of guest molecules
is that of cucurbit[n]uril (where n usually varies from 5
to 8). Cucurbit[n]urils form a family of macrocyclic
barrel-shaped molecules having rather rigid structures
built by n glycoluril units connected via methylene
bridging groups (Chart 1). These macrocycles have a
hydrophobic cavity with approximate diameter of 9 Å
for cucurbit[8]uril and this cavity can be accessed
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doi:10.1016/j.jasms.2007.07.020through two identical carbonyl-fringed portals. The
variability of the cavity and portal dimensions creates a
basis for molecular recognition displayed by these host
systems, the feature making them very attractive [6 – 8].
Encapsulation of guest species by a host molecule
can substantially affect some fundamental properties of
the encapsulated species such as their geometry, ther-
mal stability, magnetism, photo- and electrochemistry,
as well as reactivity. For the case of cucurbit[n]urils,
supramolecular aggregates of the host receptors with
bare cations, organic molecules and inorganic com-
plexes are known and their properties have been thor-
oughly investigated using solid-state and solution
methods. In contrast, gas-phase studies in cucurbit-
[n]urils host-guest chemistry are relatively scarce de-
spite the fact that mass spectrometry is used routinely
to characterize this class of compounds [9]. To the best
of our knowledge, the only two reports on this topic
came from Dearden’s group. One of them deals with the
encapsulation of N2, O2, CH3OH and CH3CN by the
{decamethylcucurbit [5]uril}(NH4
)2 adduct [10]. The
other has to do with the gas-phase generation of 1:1
aggregates formed by the cucurbit [6]uril homologue
and diamines, with a pseudorotaxane disposition [11].
In both cases, the electrospray ionization has been used
as an ionization technique.
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1864 MITKINA ET AL. J Am Soc Mass Spectrom 2007, 18, 1863–1872In general, the gas-phase studies of host-guest com-
plexes are restricted to the systems with small biomol-
ecules or bare cations as guest components and little
attention has been paid to the encapsulation of coordi-
nation complexes. One of the largest members of the
cucurbit[n]uril family, cucurbit[8]uril, has proved to
encapsulate cobalt, nickel, copper and zinc complexes
with aliphatic polyamine ligands such as ethylenedia-
mine, cyclam, or cyclen (cyclam  1,4,8,11-tetraazacy-
clotetradecane; cyclen  1,4,7,10-tetraazacyclodode-
cane), although no gas-phase studies on the host-guest
complexes have been reported so far [12–15]. This fact is
in contrast with numerous gas-phase ion chemistry
studies on non-encapsulated polyamine transition-
metal complexes as, for example, [M(cyclam)]2 (M 
Ni, Cu) [16], diethylenetriamine derivatives coordi-
nated to copper [17], or the ethylenediamine complexes
[Ni(en)n]
2 (n  2-5) [18] and [Cu(en)] [19]. In partic-
ular, the studies on the diethylenetriamine or 2,2=:6=,2=-
terpyridine complexes of copper have been primarily
motivated by the ability of these complexes to bind
small biomolecules (such as amino acids or nucleic
acids) and subsequently generate the corresponding
radical cations under CID conditions [20 –23].
In the past years, many efforts have been applied to
fine-tune the electronic properties of coordination com-
plexes, especially by varying the nature of the ancillary
ligands or the metal [23–25] to promote and/or control
the formation of desired organic radical cations. In this
context, an alternative way to selectively direct the
fragmentation of the target complex would be the
inclusion of such complexes inside a host. In this
scenario, the restriction of the guest’s intramolecular
rotational mobility within the cavity could direct the
fragmentation of a host-guest complex towards product
ions different from those observed for the free transition
complex under CID conditions.
To validate this approach, we report here a gas-
phase study of the dications [M(en)2]
2 (M  Ni, Cu)
and their inclusion complexes {[M(en)2]@cuc[8]}
2
(where M  Ni, Cu; en  ethylenediamine) generated
N N
N N
O
O
8
N
Cby electrospray ionization mass spectrometry. AnORTEP representation of the X-ray crystal structure of
the encapsulated {trans-[Ni(en)2(H2O)2]@cuc[8]}
2 dica-
tion is shown in Chart 1 to illustrate its main geometric
features.
Experimental
The mononuclear complexes {trans-[Ni(en)2Cl2]},
[Cu(en)2]Cl2·0.5H2O and their inclusion compounds
{trans-[Ni(en)2(H2O)2]@cuc[8]}Cl2·23.5H2O, {trans-[Cu(en)2
(H2O)2]@cuc[8]}Cl2·17H2O were prepared according to
the literature procedures [13, 14]. A hybrid QTOF I
(quadrupole-hexapole-time-of-flight) mass spectrome-
ter with an orthogonal Z-spray-electrospray interface
(Micromass, Manchester, UK) was utilized. Nitrogen
was used as a drying gas and as nebulizing gas at a flow
of 600 L/h and 20 L/h, respectively. The temperature of
the source block was set to 120 °C and the desolvation
temperature to 150 °C. Mass calibration was performed
using a solution of sodium/cesium iodide in isopro-
panol:water (50:50) from m/z 30 to 2000. Gas-phase
generation of the dications [M(en)2]
2 and
{[M(en)2]@cuc[8]}
2 (M  Ni, Cu) was carried out by
electrospraying 5  104 M solutions of the desired
compound. Preparation of the amine groups deuterated
homologues was achieved by incubation of the corre-
sponding starting materials in deuterated methanol/
water or deuterated water solutions for 12 h. The ESI
mass spectra of these deuterated homologues were
recorded in CD3OD/D2O mixtures or D2O to avoid
H/D exchange. The capillary voltage was set at 3.5 kV
in the positive scan mode and the cone voltage was
adjusted (typically Uc 15 to 35 V) to maximize ion
abundances of the target ions and control the extent of
fragmentation in the source region. Sample solutions
were infused via syringe pump directly connected to
the ESI source at a flow rate of 10 L/min. The
observed isotopic pattern of each species perfectly
matched the theoretical isotope pattern calculated from
their elemental composition using the MassLynx 4.0
program. Tandem MS/MS spectra were obtained at
1various collision energies (typically varied from Elab 
pe p
1865J Am Soc Mass Spectrom 2007, 18, 1863–1872 UNIMOLECULAR GAS-PHASE REACTIVITY OF DICATIONS0 to 50 eV) by selecting the precursor ion of interest with
the first quadrupole (Q1) and interaction with argon in
the hexapole cell while mass analyzing the products
with the time of flight analyzer (TOF). An isolation
width of1 Da was used. Argon was used as a collision
gas to produce the pressure of 3  10–5 mbar as
measured in the quadrupole analyzer region. Some
product ions in the CID spectra of the 12and 22
dications were tentatively assigned to water-containing
species arising from bimolecular reactions with back-
ground water present in the collision cell of the Q-TOF
instrument.
Results and Discussion
ESI-MS and ESI-MS/MS of {[Ni(en)2]@cuc[8]}
2
({1@cuc[8]}2) and [Ni(en)2]
2 (12) Dications
The ESI mass spectrum of aqueous solutions of the
compound {trans-[Ni(en)2(H2O)2]@cuc[8]}Cl2·23.5H2O
recorded at cone voltage Uc  20 V is shown in Figure
1. The spectrum reveals the presence of the dicationic
species {[Ni(en)2]@cuc[8]}
2 ({1@cuc[8]}2), as the base
peak, together with a set of triply charged ions assigned
to the protonated, sodium and potassium adducts of
general formula {1@cuc[8]  Y}3 (Y  H, Na, K).
The use of low cone voltages (typically below Uc 
10 V) produces cations formed by the coordination of
one or two water molecules, with formula
{[1(H2O)n]@cuc[8]}
2, and lower ion abundances for the
species of interest, namely {1@cuc[8]}2. Maximum ion
abundances for this dication are achieved at Uc  20 V.
It has to be pointed out that peaks corresponding to the
macrocycle or the guest complex are only observed as
minor signals under these conditions, thus suggesting
that the supramolecular aggregate {1@cuc[8]}2 is not
prone to dissociate, neither in solution nor in gas phase.
These preliminary single-stage ESI-MS experiments in-
dicate that the gas-phase {1@cuc[8]}2 dications are
stable enough to survive the electrospray ionization
process and suggest the presence of an inclusion com-
plex in the gas phase.
Electrospraying a water:methanol (50:50) solution of
the complex [trans-Ni(en)2Cl2] produces the [Ni(en)2]
2
Figure 1. Electrospray mass spectrum of 5
{trans-[Ni(en)2(H2O)2]@cuc[8]}Cl2·23.5H2O recor
experimental (bottom) and calculated (top) isoto(12) dication as well as the singly-charged [Ni(en)2 –H] and [Ni(en)2  Cl]
 species. The use of different
cone voltages significantly changes the relative inten-
sity of the species detected. At low cone voltages (Uc 
15 V), the [Ni(en)2  Cl]
 and [Ni(en)2]
2 species
dominate, while at higher cone voltages (typically Uc 
35 V) the [Ni(en)2  H]
 species are seen as the base
peak. Maximum abundances for the 12 dication are
observed at Uc  15 V. Similar ionization pattern has
been reported for the family of nickel complexes [Ni(cy-
clam)]2 with different anions, where the peaks of
[Ni(cyclam)]2, [Ni(cyclam)  H], and [Ni(cyclam) 
X] were dominant in the ESI spectra [16].
In this work, we will focus on the comparison of the
unimolecular dissociation of the dications 12 in two
different gas-phase environments (“free” and encapsu-
lated within the cucurbit[8]uril cavity). For this pur-
pose, we have investigated the CID spectra of these
species while increasing collision energies. In these
experiments, the doubly-charged ions were separated
by their mass-to-charge ratio, accelerated into the colli-
sion cell of the mass spectrometer and subsequently
analyzed with the time-of-flight analyzer. The CID
mass spectra of the mass-selected {1@cuc[8]}2 ion have
been recorded covering the range Elab  0 to 50 eV.
Figure 2 shows two representative CID spectra at Elab
20 (bottom) and 40 eV (top) for the {1@cuc[8]}2 dica-
tion.
Similar experiments were carried out selecting the
complete cluster peak to establish the elemental com-
position of the product ions. In general, the analysis of
the isotopic pattern of the product ions indicates that
peaks above 400 Th correspond to nickel-containing
species while ions observed at lower mass-to-charge
ratios correspond to species containing {C, H, N, O}.
The fragmentation pathways for the {1@cuc[8]}2 dica-
tion are represented schematically by eqs 1 to 3:
1@cuc82¡ Nien@cuc82 en (1)
Nien@cuc82¡ Ni@cuc82 en (2)
Ni@cuc82¡ Ni@cuc8
04 M aqueous solutions of the compound
t cone voltage Uc  20 V. The inset shows the
atterns for {1@cuc[8]}2. 1
ded an · (CH2)2glycoluril2n 1 3 (3)
top).
1866 MITKINA ET AL. J Am Soc Mass Spectrom 2007, 18, 1863–1872At low collision energies (below Elab  10 eV) (spectra
not shown), mass-selected dication {1@cuc[8]}2 (m/z 
753.2 Th) generates product ions through bimolecular
reactions with adventitious water available in the colli-
sion cell (peak at m/z  762.2 Th, {[1(H2O)]@cuc[8]}
2).
At collision energies close to Elab  20 eV, subsequent
evaporation of two neutral ethylenediamine molecules
yields {Ni(en)@cuc[8]}2 (m/z  723.2 Th) and
{Ni@cuc[8]}2 (m/z  693.1 Th) species. Gradual in-
crease of the collision energy (up to Elab 50 eV) causes
increasing loss of the ligand and the expulsion of up to
three neutral fragments to generate peaks at m/z 
610.1, 527.1 and 444.1 Th. These fragments most likely
result from the loss of one or more bis-N-methylene-
glycoluril subunits of the formula C6N4O2H6. The for-
mation of such fragment may occur through four C-N
cleavages as shown schematically in Figure 2. Other
minor fragmentation channels are also observed which
most likely arise from complex rearrangement pro-
cesses on the macrocycle. Under these conditions, se-
vere attenuation of the whole ion signal was observed,
thus suggesting that the ejection of the precursor ion
from the hexapole is competitive with the CID process.
It is well-documented that the gas-phase structure
elucidation of host-guest systems after the ESI process is
not trivial as non-specific electrostatic adducts cannot
be clearly distinguished from inclusion complexes. In
this regard, a great deal of work has been reported on
the identity of noncovalent complexes formed between
cyclodextrins and various guest molecules [1, 26]. One
way to verify whether the observed species in the
gas-phase are real inclusion complexes consists in ex-
amining their decomposition under collision-induced
dissociation conditions [27, 28]. Fragmentation of the
guest molecule while retaining the macrocycle should
be observed in those species which possess an encap-
sulated guest. In the present case, clearly neither the 12
dication nor species arising from the free cucurbit[8]uril
macrocycle were observed as product ions. This obser-
vation confirms that {1@cuc[8]}2 is a real inclusion
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Figure 2. Fragment ions formed upon CID of t
Th, at Elab  20 eV (bottom) and Elab  40 eV (complex in the gas-phase. This fact provides a uniqueopportunity to determine the effect of encapsulation on
the characteristic unimolecular dissociation of the 12
dication.
The gas-phase dissociation of the 12 dication reveals
complex rearrangement pathways that include intra-
complex hydrogen and electron-transfer processes. In
addition to these competitive fragmentations channels,
other product ions have been found and tentatively
assigned to bimolecular reactions with background
water available in the collision cell of the Q-TOF instru-
ment, the resulting CID spectra being very crowded.
The presence of the water adducts was further sup-
ported while using CD3OD/D2O mixtures as a solvent.
Figure 3 shows the CID spectra recorded at Elab  10
and 15 eV for mass-selected 12 species.
Most of the product ions formed from the doubly-
charged 12 dication are singly-charged ions, where the
nickel atom remains coordinated to one of the organic
ligands and to a part of the ligand, or only to one part
of the ligand. The product ions that retain nickel are
clearly distinguished in the CID experiments upon
mass-selection of the less abundant 60Ni-containing
precursor isotopomer. Fragmentation of 12 starts at
low collision energies (see Figure 3 bottom) and gener-
ates various major product ions whose molecular com-
position is shown in Figure 3.
In closely related doubly charged transition-metal
complex [MLn]
2 ions (where L stands for protic and
aprotic ligands such as water [29, 30], acetamide [31],
dimethylsulfoxide [29, 32], or acetonitrile [33, 34], li-
gand-to-metal electron transfers are typically energeti-
cally favorable once a critical ion size has been reached.
This is due to the lower ionization energy of the ligands
as compared to the high second ionization energy of the
metal. In the case of protic ligands, intra-complex
hydrogen transfer can also readily take place resulting
in a charge reduction as well. Both processes are ob-
served for the 12 dication together with the heterolytic
rupture of the ethylenediamine molecule according to
00 1000 1200 1400
m/z
3.2
{1@cuc[8]}2+
N N
N N
O
O
N N
N N
O
O
4
x 1
x 2
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N
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12¡ NienH enH (5)
12¡ Nien en (6)
12¡ [NienCH2NH2} [CH2NH2] (7)
Eq 4 generates the species [Ni(en  H)] at m/z  117.0
Th and [en  H] at m/z  61.1 Th through an
inter-ligand proton transfer followed by charge split-
ting. CID experiments using deuterated ethylenedia-
mine (ND2CH2CH2ND2 or d4-en) were carried out to
reveal that the proton loss takes place on one of the
amine groups. Similar fragmentation involving inter-
ligand proton transfer has been reported for the
[Ni(en)3]
2 species, which produces [Ni(en)(en  H)]2
and [en  H] [18].
Another channel, represented by eq 5, may involve
hydride migration from one organic ligand to the nickel
site followed by charge splitting to produce [Ni(en) 
H] (m/z  119.0 Th) and deprotonated ethylenedia-
mine [en  H] at m/z  59.1 Th. This process was
confirmed by the use of d4-en that revealed hydrogen
migration occurring from the methylene group of en;
therefore, the presence of a hydride intermediate can be
reasonably postulated. The presence of metal hydride
species has been reported previously in the CID spectra
of several alkylamine copper complexes, namely
[Cu(en)] and [Cu(R2-dien)]
2 (where R2-dien stands
for disubstituted diethylenetriamine) [17, 19, 35]. In the
case of [Cu(en)], theoretical calculations and deute-
rium labeling experiments suggest that hydrogen ab-
straction takes place from the ethylene chain, while for
[Cu(R2-dien)]
2 complexes the hydrogen atom origi-
nates from the amine. The presence of hydride species
in the gas-phase has also been observed for methanol
complexes of Co, Mn and Zn as a result of hydride
Figure 3. Fragment ions formed upon CID of
10 eV (bottom) and Elab  15 eV (top). Peaks m
produced in bimolecular reactions with water
*2[Ni(CH2NH2)  H2O]
 at m/z  106.0 Th.transfer processes upon CID conditions [36, 37]. In thecase of the [M(CH3OH)4]
2 dications (M  Co, Mn),
their gas-phase dissociation reveals the presence of
competitive fragmentation pathways involving proton
and hydride transfer, similar to that found for the 12
dication [36].
Intra-complex electron-transfer followed by charge
separation according to eq 6 might account for the
appearance of [Ni(en)] cation at m/z  118.0 Th and
non-detected – species, presumably due to their fur-
ther fragmentation to afford cations with lower mass-
to-charge ratios. Eq 7 generates the nickel-containing
cation [Ni(en)(CH2NH2)]
 (m/z  148.0 Th) through the
heterolytic cleavage of a carbon-carbon bond, and the
immonium [CH2  NH2]
 cation.
Other nickel-containing fragments formed with the
release of neutral H2, NH3, or CH2NH2 molecules are
simultaneously observed along with the mentioned
product ions. In the lower mass-to-charge region, peaks
containing {C, N, H} are also observed (at m/z  42.0
and 44.0 Th) and attributed to rearrangement processes
of the organic ligand. Most of the ions are produced
by consecutive fragmentations of other product ions.
For example, gas-phase generation of species
[Ni(en)(CH2NH2)]
 at m/z  148.0 was achieved by
“in-source” fragmentation of 12 at higher cone volt-
ages (typically in the range Uc  40 to 60 V). Mass-
selection and dissociation of the [Ni(en)(CH2NH2)]

cation evolves ammonia (m/z 131.0 Th), one or two H2
molecules (peaks at m/z  129.0 and 127.0 Th) and the
fragment CH2NH2 (m/z  118.0 Th). It is worth noting
that this channel also generates [Ni(en)] ions, thus the
dissociation according to eq 6 might compete with the
subsequent expulsion of the [CH2NH2]
 cation and the
neutral CH2NH2 fragment.
It should be noted that several studies on the gas-
phase fragmentation of nickel complexes with ethyl-
enediamine have been reported. The gas-phase dissoci-
ation of the [Ni(en)n]
2 (n  2 to 5) species has been
selected species 12 at m/z  89.0 Th, at Elab 
d with an asterisk correspond to product ions
i(en  H)  H2O]
 at m/z  135.0 Th andmass-
arke
: *1[Ndescribed by Schröder et al. Ligand evaporation was
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cesses occurred for n  3. Remarkably, the gas-phase
dissociation of the [Ni(en)2]
2 dication occurs through
intra-complex electron-transfer followed by charge sep-
aration to yield exclusively the [Ni(en)] cations and
the non-detected – as shown in eq 6 [18]. Our results
indicate more complicated dissociation patterns for the
[Ni(en)2]
2 dication. These differences may be attrib-
uted to the different nature of the gas-phase generated
species. In a previous study, the gas-phase [Ni(en)2]
2
dication was generated by electrospraying millimolar
solutions of ethylenediamine and NiCl2. Under these
conditions, the (trans-1Cl2) compound could not be
obtained from the above reagents in the solution as it is
prepared by a reaction between [Ni(en)3]
2 and a Ni(II)
salt [38]. Therefore, the presence of a complex with two
chelate ethylenediamine ligands is not evident, neither
in solution nor in the gas-phase, and, consequently, the
characteristic CID spectra could significantly differ
from the data presented in this work.
ESI-MS and ESI-MS/MS of Encapsulated
Dications {[Cu(en)2]@cuc[8]}
2 (2@cuc[8]2)
and [Cu(en)2]
2 (22)
The ESI mass spectra of aqueous solutions of compound
{trans-[Cu(en)2(H2O)2]@cuc[8]}Cl2·17H2O also reveals the
presence of a dication of formula {[Cu(en)2]@cuc[8]}
2
({2@cuc[8]}2) as the base peak, together with a set of
triply charged ions assigned to the protonated, sodium
and potassium adducts of general formula {2@cuc[8] 
Y}3 (Y  H, Na, K). The ESI-MS of the compound
[Cu(en)2]Cl2·0.5H2O shows abundant peak assigned to
dicationic species of formula [Cu(en)2]
2 (22) along with
the [Cu(en)2  H]
 and [Cu(en)2  Cl]
 cations. Analo-
gously to the nickel [trans-Ni(en)2Cl2] derivative, [Cu(en)2
Cl] and [Cu(en)2]
2 prevail at low cone voltages (Uc
15 V) while [Cu(en)2  H]
 was dominant at higher cone
voltages (typically Uc  35 V). The instrumental parame-
ters required to generate maximum ion abundances of
{2@cuc[8]}2 and 22 dications were identical to those
used for the nickel analogues. The CID mass spectra of
mass-selected {2@cuc[8]}2  are presented in Figure 4a at
two representative collision energies Elab  20 (bottom)
and 40 eV (top). The proposed fragmentation processes
are described by eqs 8, 9, and 10.
2@cuc82¡ CuenH@cuc82 (enH) (8)
CuenH@cuc82¡ Cu@cuc8H2 en (9)
CuenH@cuc82¡ Cu@cuc8[enH} (10)
Similarly to its nickel analogue {1@cuc[8]}2, the
{2@cuc[8]}2 dication shows coordination of one water
molecule at low collision energies through ion-molecule
reactions with background water available in the colli-
sion cell. At collision energies below 20 eV, {2@cuc[8]}2shows a major fragmentation channel that includes theloss of the neutral (enH) fragment to give exclusively
the species {Cu(en)@cuc[8]H}2 at m/z 726.2 Th (eq
8). CID experiments using d4-en with deuterium atoms
at the amine groups demonstrate that the proton loss
arises from one of the amine groups (see Figure 4b). The
most likely mechanism that accounts for this fragmen-
tation consists of the intra-ligand proton transfer fol-
lowed by electron-transfer from the deprotonated eth-
ylenediamine to the copper site to produce neutral (en
 H) and the {Cu(en  H)@cuc[8]}2 dication at m/z 
726.2 Th. This fragmentation pathway closely resembles
the ubiquitous dissociative intra-ligand proton transfer
observed in most metal [ML2]
2 dications which bear
protic ligands and produce [M(L  H)] and [L  H]
[30, 31], with the difference that the [en  H]  fragment
is retained at the metal site while the neutral fragment
(en  H) is released. Incidentally, other mechanisms
such as the initial proton migration to the macrocycle
cannot be definitively ruled out. Nevertheless, we ad-
mit that the simultaneous proton and electron-transfer
observed in this case is unusual and, without theoretical
support, the proposed mechanism remains merely
speculative.
The increase of the collision energy results in two
competitive channels that yield {Cu@cuc[8]H}2 (m/z
 696.1 Th), through evaporation of one ethylenedia-
mine molecule (eq 9), and afford {Cu@cuc[8]} and (en
 H) at m/z  1391.3 and 61.1 Th, respectively (eq 10).
At higher collision energies (Elab  50 eV), {Cu@cuc[8]
 H}2 and {Cu@cuc[8]} fragments following numer-
ous pathways accompanied by attenuation of all ion
signals. These results are in contrast with the rupture of
the nickel {1@cuc[8]} dication, in which well-defined
expulsion of bis-N-methylene-glycoluril subunits has
been observed.
The CID spectra of dication 22 are shown in Figure
5 together with the molecular composition of the de-
tected product ions. Fragmentation starts at Elab 10 eV
and reveals the presence of competitive pathways.
As observed for the nickel analogue, most of the
product ions correspond to copper-containing species,
with the metal atom coordinated to one of the organic
ligands and/or a fragment of the ligand. Mass-selection
and fragmentation of the less abundant 65Cu-containing
precursor isotopomer makes it possible to assign the
copper-containing peaks. Eqs 11, 12 and 13 summarize
the dissociation pathways observed.
22¡ Cuen en (11)
22¡ CuenH enH (12)
22¡ [CuenCH2NH2 [CH2NH2] (13)
The most intense fragmentation (eq 11) generates the
cation [Cu(en)] (m/z  123.0 Th) and, presumably,
ionized ethylenediamine – or some of its fragmenta-
tion products. This reaction is also observed for the 12dication at higher collision energies. The observed dif-
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the copper derivative towards reduction, in agreement
with its higher second ionization energy. A second,
minor channel (eq 12), associated with the inter-ligand
Figure 4. (a) Fragment ions formed upon CID
mass-selected {2@cuc[8]}2 dication at m/z 
en)2@cuc[8]}
2 at m/z  759.8 Th
Figure 5. Fragment ions formed upon CID of m
eV (bottom) and E  15 eV (top). The peaklab
resulting from the bimolecular reaction with water: *proton transfer accompanied by dissociation which
produces [Cu(en  H)] (m/z  122.0 Th) and [en 
H] (m/z  61.1 Th) species, is also observed. CID
experiments using deuterated ethylenediamine
lab  20 eV (bottom) and Elab  40 eV (top) of
7 Th and (b) mass-selected species {[Cu(d4-
elected species 22 at m/z  91.5 Th at Elab  10
ked with asterisk corresponds to product ionsat E
755.ass-s
mar[Cu(en)  H2O]
 at m/z  141.0 Th
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that the proton loss takes place from one of the amine
groups. It has to be pointed out that the relative
intensities of the species appearing at m/z  61.1 (eq 11)
are higher than that at m/z  60.1 (eq 12), despite the
former corresponds to a minor fragmentation channel.
This observation might be attributed to further frag-
mentation of the radical – to afford species with lower
mass-to-charge ratios or to a secondary reaction of the
amine radical – cation with background water present
in the collision cell.
Again, one channel (eq 13) corresponds to the hetero-
lytic carbon-carbon cleavage to give the [Cu(en)
(CH2NH2)]
 cation at m/z  153.1 Th. Further increase of
the collision energy yields singly-charged species atm/z
121.0, 106.0, and 59.1 Th. These product ions result from
the loss of H2, NH3, and CuH from the [Cu(en)]
 cation. A
prominent peak at m/z  92.0 Th is also observed and
tentatively assigned to the [Cu(CH2  NH)]
 species. To
get deeper insight into its dissociation, mass-selection of
the [Cu(en)] product ion was achieved by “in-source”
fragmentation of 22 at Uc  60 V. Its unimolecular
dissociation generates species at m/z  121.0, 106.0, 92.0,
and 59.1 Th analogously to the species observed under
identical conditions and previously described for 22. It
should be noted that gas-phase generation of the
[Cu(en)] cation has also been achieved using a chemical
ionization-fast atom bombardment ion source and unimo-
lecular dissociation of the cation was established by mass-
analyzed ionic kinetic energy spectroscopy (MIKES) anal-
ysis [19]. Although the use of different techniques could
result in distinctive fragmentation pathways [39], the
results presented here closely resemble those previously
reported by Alcami et al., where a detailed description of
the elementary steps involved was presented [19, 35].
The Effect of the Metal Nature on the Product Ions
Observed Under CID
The development of electrospray ionization has facili-
tated considerably the access to gas-phase transition-
metal complexes with oxidation states higher than 1.
Special attention is being paid to their gas-phase gen-
eration, gas-phase stability and dissociation features
[40, 41]. In particular, the existence of several competi-
tive processes in the gas-phase dissociation of solvated
metal dications is well documented. For example, the
gas-phase ion chemistry of the copper [Cu(H2O)n]
2
dications have been thoroughly investigated using dif-
ferent mass spectrometric techniques which indicate
that the ligand loss and the proton and electron-transfer
dominate in their CID spectra [42– 45]. As shown above,
the unimolecular dissociation studies of the dications
12 and 22 reveal a complex dissociation pattern due
to intra-complex hydrogen and electron-transfer pro-
cesses accompanied by C–C and C–N cleavages. While
the nature of some of the fragments evolved could be
assigned from deuterium labeling experiments and theanalysis of the isotopic pattern of the product ions, the
intrinsic mechanism of the elementary steps involving
such degradations is merely tentative without theoret-
ical support.
Nevertheless, rich information can be extracted from
the comparison of the dissociation pathways for the
nickel 12 and {1@cuc[8]}2 derivatives with those for
their copper counterparts, 22 and {2@cuc[8]}2. A
common fragmentation channel observed for the 12
and 22 dications involves the heterolytic rupture of the
organic ligand to afford a cation of general formula
[M(en)(CH2NH2)]
 (M  Ni, Cu). In the case of the
nickel species, a lower tendency for the formal reduc-
tion of the metal is observed. For example, the 12
dication mainly fragments through the inter-ligand
proton migration (eq 4), hydride migration (eq 5) or
heterolytic rupture of the organic ligand (eq 7), which
formally do not represent a reduction of the Ni(II)
metal. The reduced species such as [Ni(en)] or bare
[Ni] are only observed at higher collision energies. In
contrast, the CID spectra of the 22 dication are domi-
nated by the reduced [Cu(en)] species. These experi-
mental observations can be explained in terms of higher
second ionization energies of the copper complexes that
strongly favor the ligand-to-metal intra-complex elec-
tron-transfer. The same tendency is clearly seen while
comparing the inclusion analogues: the metal in the
{1@cuc[8]}2 dication preserves its oxidation state un-
der CID conditions, whereas the copper analogue ap-
pears formally reduced to Cu(I) in the species
{[Cu(en)]@cuc[8]  H}2, {Cu@cuc[8]  H}2, and
{Cu@cuc[8]}. Of special interest is the distinctive
fragmentation of the macrocycle upon CID of the
{Ni@cuc[8]}2 dications, in contrast with {CuH@cuc[8]}2
and {Cu@cuc[8]}. The nickel atom seems to play a crucial
role in the expulsion of up to three bis-N-methylene-
glycoluril subunits in well-defined ruptures which are not
observed for the copper analogues. A tentative rupture
scheme is proposed in Figure 2; the scheme implies up to
four C–N ruptures mediated by the nickel atom. The
mechanism for the formation of these product ions re-
mains unclear.
The Effect of Metal Complex Encapsulation
on the Product Ions Observed Under CID
The first remarkable observation is that the fragmenta-
tion channels typically observed for the free 12 and 22
dications (such as the [CH2NH2]
, H2, [en  H]
, and
NH3 expulsion) are suppressed upon inclusion of the
dications into the cucurbit[8]uril macrocycle; alternative
ruptures are then accessed. Encapsulation into the
cucurbit[8]uril macrocycle can modify the energetic
barrier associated with such processes due to the pres-
ence of additional intermolecular interactions between
the guest and the cucurbit[8]uril. These noncovalent
interactions are mainly the combination of (1) ion-
dipole interactions (between the positively charged
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(2) hydrophobic interactions (between the guest and the
inner surface of the cucurbit[8]uril host cavity) [7]. Any
interaction in noncovalent complexes which compete
with the solvent (e.g., ion-dipole) is greatly strength-
ened in the gas phase, while interactions such as
hydrophobic forces are weakened. Therefore, the ion-
dipole interactions represent the major contribution to
the energetics of the encapsulated 12 and 22 guests in
the gas phase.
The size effect of the free and encapsulated 12 and
22 complexes in the gas-phase must also be consid-
ered. In coordination complexes, as the number of
ligands decreases (and so does the ion size), product
ions resulting from the ligand-to-metal electron-transfer
channels become predominant in their CID spectra, and
for protic ligands intra-complex proton transfer pro-
cesses appear to be competitive [31]. Both pathways,
intra-complex ligand-to-metal electron-transfer and
proton transfer processes, cause a charge reduction of
the product ions. The presence of both processes is
clearly distinguished in the characteristic dissociation of
dications 12 and 22 where the presence of singly-
charged product ions is dominant. Conversely, in the
case of the larger inclusion species {1@cuc[8]}2 and
{2@cuc[8]}2, the product ions are normally doubly-
charged species. One plausible explanation of that
would be the occupation of the vacant sites in the
product ions resulting from the inclusion species
{1@cuc[8]}2 and {2@cuc[8]}2 by the oxygen or nitro-
gen atoms of the macrocycle. In this way, charge
alleviation in the guest complex through gas-phase host
coordination could suppress charge reduction pro-
cesses in complexes {1@cuc[8]}2 and {2@cuc[8]}2. In
this context one could envision that the macrocycle acts
to solvate and therefore stabilize higher charge states,
analogously to that observed in the condensed phase.
Even though this is fully applicable to the nickel ana-
logue {1@cuc[8]}2, charge reduction is also observed at
high collision energies (Elab  50 eV) for the copper
{2@cuc[8]}2 dication. This experimental observation
indicates that, for transition metals with high second
ionization energies, an interplay of the effects of the ion
size and the value of the second ionization energy
governs their dissociation chemistry.
Let us note that size-effects related to the distinctive
rates of unimolecular dissociation for the encapsulated
and the smaller free metal complexes might also be
invoked to account for the dissociation differences. The
delayed dissociation typically observed for large ions is
assumed to occur because their internal energy gets
distributed over an increasing number of degrees of
freedom and it is less sufficiently concentrated to pro-
duce the fragmentation [46, 47]. In this context, we
consider feasible that for the larger molecules (such as
{1@cuc[8]}2 or {2@cuc[8]}2 dications), there are more
ways of partitioning the energy amongst its many
modes and in consequence new dissociation pathwaysdifferent from that observed for the non-encapsulated
complexes might become available.
Conclusions
The gas-phase generation of the 12 and 22 dications
and their inclusion complexes with the cucurbit[8]uril
macrocycle has been carried out by means of electro-
spray ionization. The unimolecular dissociation has
been investigated by electrospray ionization tandem
mass spectrometry. In all cases, bimolecular reactions
with the background water present in the hexapole take
place indicating that the metal site in species [M(en)2]
2
and {[M(en)2]@CB[8]}
2 (M  Ni, Cu) is easily accessi-
ble for coordination by neutral molecules. The nature of
the metal (Ni or Cu) as well as the effect of encapsula-
tion has a remarkable influence on the fragmentation
pathways observed upon CID conditions. In the former
case, the differences in the second ionization energies
seem to heavily determinate the nature of the product
ions. In particular, the copper-containing 22 and
{2@cuc[8]}2 dications typically afford product ions
with the metal reduced to Cu(I), while the product ions
resulting from the nickel analogues, 12 and
{1@cuc[8]}2, mainly preserve their 2 oxidation state.
The effect of encapsulation also reveals a distinctive
fragmentation of the 12 and 22 dications with respect
to their cucurbit[8]uril-encapsulated counterparts. In
this case, the restriction of the guest molecular mobility,
mainly due to ion-dipole interaction with the
cucurbit[8]uril macrocycle as well as the increased size
of the encapsulated dications, results in distinctive
fragmentation pathways.
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